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Observations based on extensive performance testing of 
field compaction equipment in both Great Britain and the 
United States indicated that, for tamping rollers, there 
probably are optimum values of foot area and pressure that 
will give maximum soil compaction. The efficiency of this 
type of equipment is measured in terms of its ability to ob­
tain a desired degree of compaction or density in the least 
number of passes. 
This investigation was undertaken to determine the in­
fluence of foot size on the efficiency of soil compaction. 
To do this, laboratory dynamic compaction tests were performed 
with compaction hammer feet of two, three, four, and five 
inch diameters. The soil used was a red-brown, micaceous, 
fine, sandy, clayey silt of medium compressibility. 
For each foot size a series of compactions was per­
formed at varied water contents by an amount of work that was 
held constant. A large (one-sixth cubic foot) compaction 
mold was designed to minimize confining effects of the mold 
and their affect on the results obtained with the larger 
diameter feet. A compaction hammer weighing ten pounds and 
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having a free-fall of eighteen inches was constructed; the 
base of the hammer consists of a threaded socket into v/hich 
the various compaction feet were attached. The data collect­
ed was used to compare the compacted densities produced by 
the various size feet. 
This investigation led to the following conclusions: 
The density obtained from dynamic compaction is dependent 
upon the area or diameter of the compacting foot. For a 
given soil, moisture content, and method of dynamic compac­
tion, there is a particular foot diameter which will produce 
the most efficient compaction. The effect of the size of 
the compaction foot on dry density is largest when the 
moisture content is near the optimum. At high values of 
moisture content which approach a saturated condition, the 
size of the compacting foot has no effect on density. The 
optimum moisture content produced by dynamic compaction at 
like amounts of work is independent of the area of the com­
pacting foot. The optimum foot diameter decreases as the 
compactive effort increases. The most efficient compaction 
operation would be one in which the foot diameter was re­




The Federal-aid Highway Act of 1956 created the great­
est public works program in history and provided for an 
expenditure of approximately twenty-seven and one-half 
billion dollars over a thirteen year period. Although the 
work under this program includes forty-one thousand miles of 
trunk-line highways, it covers only 1.2 per cent of the 
nation's total roads and streets mileage.(1) The past two 
decades have seen large-scale movements from rural to urban 
areas and a phenomenal rise in the number of automobiles and 
trucks choking congested traffic arteries. This situation 
has been and is now creating a pressing demand for expanding 
building and improvement programs for streets, urban express­
ways, by-pass routes, and arterial connections. To insure 
completion of a maximum improvement program, it is of prime 
importance that the roads be constructed to the best practica­
ble standards for minimum future maintenance costs, and 
that initial construction be conducted as economically as 
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possible. 
One of the primary purposes of a road is to enable 
traffic to proceed with comfort; therefore, the road surface 
must be free from irregularities, cracks and other defects 
which interfere with smooth travel of a vehicle and cause 
discomfort to the passengers and possible damage to the 
vehicle itself or to goods it is carrying. Many of the de­
fects to which surfaces are subject are, directly or indirect­
ly, attributed to the soil foundation on which the road is 
built. Further, such defects are often of a more serious 
character than those resulting merely from faults in the 
surfacing.(2) Because traffic volumes, speeds, and wheel 
loads are continually rising, subgrades, base courses, and 
embankments can no longer be loosely deposited or placed 
without quality control, but must be carefully designed and 
constructed for maximum strength and stability to meet both 
present and future requirements. 
Compaction is almost universally recognized as the 
key to construction of proper road foundations. Generally, 
compaction may be defined as the process of densification of 
soil by load application, causing a decrease in voids due to 
change in relative position and distortion of soil grains. 
The density of soil is measured in terms of the weight of 
dry soil contained in a cubic foot of wet soil. Several 
factors influence the value of density obtained by compaction, 
the more important being the moisture content of the soil; 
the nature of the soil, that is, its grain size distribution 
and its physical properties; and the nature, including both 
type and amount, of the compactive effort used.(3) At low 
moisture contents soil usually has a high strength and is 
stiff and difficult to compact, with the result that low 
densities and high air void contents are obtained. At 
higher moisture contents the strength is less, and it b e ­
comes easier to reduce the air voids and compact the soil. 
At still higher moisture contents a condition is reached at 
which the soil is sufficiently workable for the air voids 
to be reduced to a very small value. Any further increase 
in the moisture content results in a decrease in the dry 
density owing to the increase in the void volume occupied 
by the water. The optimum moisture content and the corres­
ponding maximum dry density are functions of the amount of 
energy provided by the method of compaction used. In 
general, as the amount of compactive energy applied is in­
creased, the maximum dry density increases and the optimum 
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moisture decreases. ( 4 ) Typical dry density-moisture content 
curves for a soil compacted with different amounts of input 
energy are shown in Figure 1 on the following page. 
The success, that is, the economy and ease of obtaining 
compaction depends in large measure on the methods and on 
the type and weight of equipment used for rolling. In spite 
of the record boom in highway construction, Engineering-
News-Record recently reported keen competition that is 
driving bids down; this condition coupled with steadily 
increasing construction equipment prices at a time when 
contractors are investing heavily in equipment makes it 
mandatory that maximum equipment utilization, flexibility, 
and construction efficiency be incorporated into these 
gigantic building programs.(5) The tamping foot roller is 
most generally used for soil compaction in the United States, 
although it is not effective in cohesionless sand or in rock 
fills.(6) It is the opinion of many engineers that no 
superior type of equipment has been developed.(7) This 
machine had its inception about fifty years ago in an 
attempt to imitate the action obtained by running a flock 
of sheep over a loose f i l l — h e n c e the name sheepsfoot 
tamper. It consists of a cylindrical drum from which prongs 





F i g . 1 
TYPICAL MOISTURE-DENSITY CURVES FOR A SOIL 
COMPACTED WITH DIFFERENT AMOUNTS OF EFFORT 
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drum is pulled forward, the feet penetrate the soil until 
bearing power sufficient for support is obtained. The com­
pression of the soil directly under the feet together with the 
confining pressure of the adjacent soil helps to build up 
a dense layer at the bottom which increases in thickness 
until on the final rolling the feet ride on the soil surface. 
(8) The weight of the roller, the area and shape of the feet, 
and the spacing of the feet are variables in the sheepsfoot 
roller which influence compaction. Other variables include 
soil type, moisture content, initial density, and thickness 
of lift. 
The existence of so many variables makes it difficult 
to present specific recommendations on the selection and use 
of that type of roller without many reservations(9); however, 
it is obvious that the tamping foot is the key to any inves­
tigation aimed at improving the efficiency of this piece of 
equipment. Efficiency, or to the contractor economy, is 
measured in terms of obtaining a desired degree of compaction 
with the least expenditure of energy, i.e. with rolling equip­
ment, in the least number of passes. Synonymously, with a 
constant expenditure of energy in a particular soil, maximum 
efficiency is indicated by the maximum density obtained. 
This study constitutes a laboratory investigation of 
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the effect of the size of tamping foot on the dry density-





A review was made of all available literature concern­
ing compaction and included pertinent references contained in 
the Industrial Arts Index and Engineering Index from 1930 to 
date. A number of these references reported field observations 
and comparative performance results from tests using various 
types of compaction equipment; however, in the majority of 
cases, the variables affecting the results were so numerous 
that definite conclusions concerning the value of equipment 
modifications or improvements were impossible. Except for 
limited research reported from the Georgia Institute of 
Technology Soil Mechanics Laboratory, reports concerning 
laboratory investigations of compaction efficiency were 
almost non-existent. 
R. R. Proctor, in a series of articles published in 
1933 in Engineering News-Record concerning extensive 
compaction research by the Los Angeles Bureau of Water Works 
and Supply(10), observed that wide spacing of the feet on 
sheepsfoot rollers is preferable for efficient compaction. 
Proctor also was apparently the first to recommend increased 
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roller weight for high density requirements. 
The Highway Research Board in its 1938 Proceedings 
concluded that the number of trips necessary to obtain 
compaction with the sheepsfoot roller is contingent upon, 
among other things, the size and shape of feet, number of 
and spacing of tamping feet and the pressure exerted by the 
tamping feet. Today practically every State Highway Depart­
ment in the nation has rigid specifications governing the use 
of sheepsfoot rollers. An example of these restrictions is 
the following excerpt from the California specifications: 
Tamping rollers shall consist of metal rollers, drums 
or shells, surmounted by metal studs with tamping 
feet projecting not less than 7 in. from the surface 
of the roller, drums or shell. Tamping feet shall 
be spaced not less than 6 in. nor more than 10 in. 
measured from center to center in any direction and 
the cross-sectional area of each tamping foot 
measured perpendicular to the axis of the stud 
shall not be less than 4 nor more than 12 sq.in.. 
The weight of tamping rollers shall be such that 
the load on each tamping foot shall not be less than 
50 psi. of cross-sectional area. The load per 
tamper foot will be determined by dividing the 
total weight of the roller by the maximum number of 
tamper feet in one row parallel to, or approxi­
mately parallel to, the axis of the roller.(11) 
Apparently the limits imposed have evolved through trial and 
error from contractor's or equipment manufacturer's field 
experience, since there appears to be no record until recently 
of any research aimed at developing specifications such as 
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those given above. 
Results of investigations conducted at the Road Research 
Laboratory in Britain suggested that for any given load there 
probably are optimum values of foot area and pressure that 
will give maximum soil compaction. ( 1 2 ) Further Research 
into the effects of varying the foot area and pressure for 
a number of different loads was recommended. Regardless of 
the actual weight of the sheepsfoot roller, the maximum unit 
pressure exerted by the feet on the soil cannot exceed a 
certain maximum value which is a function of the bearing 
capacity of the soil. If loads are applied which exceed the 
bearing capacity of the soil, the roller will sink into the 
soil until a sufficient number of teeth are in contact with 
the soil to reduce the maximum contact pressure to the 
bearing capacity of the soil for the existing condition. In 
some instances the roller will sink into the ground until even 
the drum is carrying a substantial load. Soon after the 
British observations, in an article reported on compaction 
research being conducted at the U. S. Army Corps of Engineers' 
Waterways Experiment Station, the authors observed that 
better compaction results might be obtained if, instead of 
reducing the total roller weight, the area of the feet were 
increased to the point where the bearing capacity of the soil 
11 
was not exceeded.(13) 
In following their previous conclusions, the Waterways 
Experiment Station began tests aimed at the selection of the 
allowable contact pressure and the proper size of feet for 
large rollers.(14) Model feet having end areas of six, nine, 
twelve, eighteen and twenty-four square inches were used and 
a load was applied through the hydraulic ram of a truck 
mounted drill rig and measured by means of a proving ring. 
The analysis indicates that for the soils tested there was 
a general relationship between the load penetration curves for 
the model feet and the observed behavior of sheepsfoot 
rollers. Rollers did not walk out during compaction in 
areas of penetration resistance less than the nominal computed 
pressures of the roller. In the three instances when the 
roller walked out, the load-penetration curves gave values 
greater than the nominal sheepsfoot pressures. The results 
imply that, so long as the contact pressure on the face of 
the sheepsfoot roller does not exceed the bearing capacity 
of the soil as determined by a load-penetration test, roller 
foot sizes could be increased considerably to permit appli­
cation of tremendous roller weights. While these results are 
interesting, they do not provide any real evidence concerning 
roller efficiency as affected by the size of the tamping foot. 
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An attempt to investigate that relationship was made in con­
junction with these tests when two sheepsfoot rollers with the 
same total weight were used to compact a soil. One roller 
had feet that were 8.25 square inches in size and the other 
had feet of 13.68 square inches. Both rollers achieved equiv­
alent densities in compaction of the embankment; however, 
observations in the field indicated that neither roller was 
walking out during compaction even though the roller with 
larger feet was said to be easier to operate. Since both 
rollers apparently were exceeding the bearing capacity of 
the soil, no conclusions regarding foot size efficiencies can 
be drawn from the results. 
In a subsequent report entitled "Effect of Size of Feet 
on Sheepsfoot Roller," the Waterways Experiment Station pre­
sented results of field compaction tests in which the compac­
tive effort was varied by varying the size of tamping feet 
from seven to twenty-one square inches while maintaining a 
constant foot contact pressure and by varying the number of 
passes of the different foot sizes.(15) The most significant 
part of this report, insofar as this thesis is concerned, was 
its authors' conclusion that a more practical method of 
varying the contact pressure might be to use a roller with the 
maximum weight that is economical to tow and to vary the 
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size of tamping feet. The authors suggest that this could be 
accomplished by designing sheepsfoot rollers with changeable 
feet; the proper foot size could be determined in the field 
for any given soil thereby resulting in the most efficient 
and economical compaction of any soil with a sheepsfoot roller. 
Available data from carefully controlled field studies 
of rolling show moisture-density relationships almost identi­
cal with those developed from laboratory tests-(16) It is 
therefore entirely feasible that the proper size foot for a 
given soil and roller could be determined from laboratory 
tests, thereby circumventing the need for field determination. 
Only two significant laboratory studies involving compaction 
efficiency were found; both were unpublished M. S. theses from 
the Georgia Institute of Technology. Kennedy's investigation 
was undertaken to ascertain, by comparison of the densities 
and strengths of compacted soil samples, which of several dif­
ferent methods of compaction produced greatest efficiency and 
also to determine the factors influencing compaction efficiency 
and the reasons for their influence.(17) The investigation 
led to the conclusions that compaction by different methods 
at like amounts of work and water content does not necessarily 
produce equal amounts of compaction as expressed by dry density 
and that when total compactive energy, water content, layer 
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thickness, and width of loaded area are held constant, the 
density and strength of a compacted soil are functions of 
the amount of energy applied per effort. The total energy 
change resulting from each pass of a sheepsfoot roller would 
be the same, however, regardless of the size of the tamping 
foot. This energy would of course be transmitted to the 
soil through the tamper foot and its size may definitely 
affect the manner in which this energy is dissipated.(18) 
In his recommendations, Kennedy noted that the ratio 
of the diameter of the compacting foot or hammer to the 
thickness of the soil layer is a factor in soil compaction 
which could radically affect the design of compacting equip­
ment. (19) This ratio was investigated the following year 
by J. G. Gulliver who found that at low ratios of foot 
diameter to soil layer thickness, where soil layers are thick 
with respect to the foot diameter, the largest feet produced 
the highest densities for given values of d/t.(20) For high 
ratios, of d/t, the smallest feet produced the highest densities. 
This study definitely concluded that foot size affects the 
degree of compaction obtainable; however, further studies in 
which this variable is isolated from the effect of layer 
thickness and investigated under controlled energy conditions 





The major items of equipment used in carrying out the 
experimental investigation described in this report are listed 
below. These include: 
A. Compaction hammer. 
Compact!ve effort was applied to the soil by a dynamic 
compaction device consisting of a ten pound hammer ad­
justed for an eighteen inch free fall. (See Figure 3 ) . 
The device was constructed similar to the standard Marshall 
hammer, widely used in the testing of asphaltic concrete 
mixtures.(21) 
B. Compaction feet. 
Four circular steel feet, with diameters of two, three, 
four and five inches, were used to transmit the blows 
from the hammer to the soil. The feet were constructed 
with threaded spindles to permit attachment to the base 
of the compaction hammer. (See Figure 4 ) . 
i 
C. Compaction mold. 
The mold used was a large steel cylinder of ten and three-
sixteenths inches internal diameter and a thickness of 
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nine-sixteenths inches. The depth of the mold was three 
and seventeen thirty-seconds inches, which was predeter­
mined to give a mold volume of one-sixth of a cubic foot. 
It was equipped with a detachable steel base plate and a 
collar which held the loose soil during compaction. (See 
Figure 5 ) . 
D. Soil. 
The soil used throughout this investigation was a red-brown, 
micaceous, fine, sandy, clayey silt of medium compress­
ibility. It was obtained from an embankment near the 
Georgia Institute of Technology Soil Mechanics Laboratory. 
The specific physical properties of the soil are listed 
below: 
Specific Gravity of Solids 2.65 
Liquid Limit 50 
Plastic Limit 37 
Plasticity Index 13 
Grain Size Distribution (See Appendix) 
Revised Public Roads Classification A-7 
Airfield Classification System ML 
Standard Proctor Maximum Density 100.2 
Optimum Moisture Content 22.0 
P i g. 2 
LABORATORY COMPACTION EQUIPMENT 
LEFT TO RIGHT: SAMPLE TRIMMING KNIFE, ONE-SIXTH CU­
BIC FOOT MOLD AND COLLAR, SEVENTY-FIVE POUND CAPA­
CITY SCALE WITH ONE OUNCE SENSITIVITY, MARSHALL 
COMPACTION HAMMER WITH VARYING COMPACTION F E E T , SOIL 
STORAGE CAN, SPRINKLING CAN AND GRADUATED CONTAIN­
ER FOR ADDING CALCULATED AMOUNTS OF WATER, MIXING 
PAN WITH SOIL SAMPLE, AND SAMPLE STORED IN MOISTURE 
PROOF POLYETHELENE BAG 
F i g . 3 
DISASSEMBLED MARSHALL COMPACTION HAMMER 
BOTTOM VIEW 
TOP VIEW 
F i g . 4 
TWO, THREE, FOUR AND FIVE INCH DIAMETER 
COMPACTION FEET FOR MARSHALL HAMMER 
F i g . 5 
ONE-SIXTH CUBIC FOOT COMPACTION MOLD 
AND COLLAR AND ASSEMBLED MARSHALL COM­




The test soil was brought indoors and force sieved 
through a U. S. Standard Number 4 Sieve (square 0.185 inch 
openings). The material retained on the screen was dis­
carded while that passing was placed in large flat pans and 
allowed to air dry. It was then thoroughly mixed to insure 
uniformity and placed in covered containers. 
Standard classification tests were performed on the 
soil. These included a specific gravity test to determine the 
specific gravity of soil solids (22), a grain size analysis 
to determine the grain size distribution of the soil (23), and 
the determination of liquid and plastic limits to indicate the 
effect of water content on the soil.(24) A standard Proctor 
test was carried out to determine the maximum density and 
optimum moisture content of the soil.(25) 
The water content of the test soil was determined daily 
for each of the closed containers. Trial compaction tests with 
the one-sixth cubic foot mold determined that a twenty-one 
pound sample was required for each test. This amount of soil, 
with equal parts by weight from each container, was prepared 
by adding the amount of water calculated to produce the desired 
moisture content in the compacted specimen and mixing it 
thoroughly with a large commercial food mixer. A water con­
tent determination was made of each specimen after preparation. 
The specimen was then sealed in double polyethelene bags, 
marked for identification, and stored overnight in a controlled 
moisture room to allow the water to become completely distri­
buted and adsorbed by the soil. (See Figure 6 ) . 
There is a significant difference in the maximum density 
obtained by reusing the same soil throughout the compaction 
test and the density obtained by using fresh separate samples 
for each point on the moisture-density curve.(26) Since in 
actual construction work soil is compacted but once and at one 
water content, it is probable that the method using separate 
samples for each point would give results that are more rep­
resentative of field conditions; therefore this procedure 
was followed during this investigation. 
For each size compaction foot, samples were compacted 
containing water contents of fifteen, eighteen, twenty-one, 
twenty-four, and twenty-seven per cent. The principal com­
paction tests were conducted using the one-sixth cubic foot 
mold and a compactive effort of 12,420 foot-pounds per cubic 
foot; this is approximately the same energy expended in the 
EQUIPMENT USED FOR MIXING AND BAGGING 
CONTROLLED SOIL AND WATER SAMPLES 
INTERIOR OF CONTROLLED MOISTURE ROOM 
SHOWING SAMPLES STORED IN SEALED 
DOUa .E POLYETHELENE BAGS 
F i g * 6 
MIXING AND STORING EQUIPMENT USED FOR WATER CONTENT CONTROL 
standard Proctor compaction test. The work done on each 
dynamically compacted sample is the product of blows per layer, 
height of fall, weight of hammer, and number of layers. With 
the previously described test equipment, this effort required 
forty-six blows on each of three soil layers. 
The sealed bag was opened and a moisture content deter­
mination made. About two inches of loose soil was placed in 
the mold and leveled with a small trowel. Compaction of the 
layer was then performed by the proper number of hammer blows 
evenly distributed over the soil surface. Since strength 
tests were not being performed on the compacted sample, 
scarifying of the compacted surface to insure bonding of sub­
sequent layers was not necessary. Second and third layers of 
soil were compacted into the mold in like manner. Care was 
taken to insure that the mold was completely filled with com­
pacted soil but only slightly overfilled, usually within one-
quarter inch, so as not to jeopardize the compactive effort 
per constant volume concept. The soil surface was then 
planed off even with the top of the mold and the weight of 
the soil in the mold determined. This soil weight divided by 
the mold volume (one-sixth of a cubic foot) gave the wet 
density of the soil. 
Two representative samples were cut from the specimen 
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by driving a cutting cylinder through it and water content de­
terminations were made. The dry density was then computed from 
the wet density and the water content of the compacted speci­
men. A sample data and computation sheet is contained in the 
appendix.* (See Figure 13) . 
A set of samples, one for each foot size, was compacted 
at a single moisture content while using a compactive effort 
fifty per cent greater than that used in previous tests. This 
effort required sixty-nine blows per layer. In all other re­
spects, however, the compaction procedure was the same. 
26 
1 0 0 
I S 19 20 21 22 23 
WATER CONTENT IN PER CENT 
F i g - 7 
EFFECT OF FOOT DIAMETER ON MOISTURE-DENSITY RELATIONSHIPS 
WITH A COMPACTIVE EFFORT OF 12,̂ 20 FOOT-POUNDS PER CUBIC FOOT 
2 7 
12,̂ 20 F T . - L B S . 
PER CU. F T , EFFORT 
15,630 FT. - L B S . 
PER CU. FT. EFFORT 
3 * 
FOOT DIAMETER IN INCHES 
F l st 6 
DRY DENSITY-FOOT DIAMETER 
RELATIONSHIPS AT VARIOUS WATER CONTENTS 
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WITH 1 / 6 C U . F T . MOLD AND 
MARSHALL HAMMER 
18,630 F T . - L B S . PER C U . F T . 
WITH 1/6 CU. F T . MOLD AND 
MARSHALL HAMMER 
90 STANDARD PROCTOR TEST (12,375 F T . - L B S . PER CU. F T . ) 
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100 NUMBER OF PASSES 
F I E L D COMPACTION 
HEAVY SHEEPSFOOT ROLLER 
DATA OBTAINED FROM "COMPACTION OF EMBANKMENTS, 
SUBGRADES, AND B A S E S , " BULLETIN NO. 5*5, HIGH­
WAY RESEARCH BOARD, WAsHINfl!P(W, l952, p. 26. 
1/6 C . F . MOLD AND MARSHALL HAMMER AT 20% W. C 
F i g . 10 
CORRELATION BETWEEN LABORATORY AND F I E L D COMPACTION 
30 
CHAPTER V 
DISCUSSION OP RESULTS 
Analysis of the data began with plotting of conven­
tional dry density versus water content curves. As previously 
stated, several factors influence the shape of the curves; they 
are the soil itself, its water content, and the compactive 
effort. The degree to which these factors, or variables, are 
controlled, therefore, directly affects the significance of 
the data. 
Only one soil was used throughout these tests and 
especial care was taken to insure its homogeneity. A com­
plete series of classification tests was run on each container 
of the prepared soil; the consistency of the results was ex­
cellent. Samples were made up with equal parts from each con­
tainer and thoroughly mixed. A fresh sample of soil was used 
for each test since reusing previously compacted soil yields 
higher dry densities as a result of changes made in the soil 
structure by the previous compaction. (See Figure 1 8 ) . This 
variable, therefore, was eliminated from the tests. 
In field tests, the thickness of the layer of soil b e ­
ing compacted is an important consideration. However, in these 
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laboratory tests, layers of equal thickness were compacted to 
the same final mold height to nullify any effect of this var­
iable. In laboratory tests, the confining effects of the mold 
may definitely affect the test results. To obviate this factor 
a large diameter (ten and three-sixteenths inches) mold was 
used in conjunction with the wide range of compaction feet 
tested. 
Although the water content of the soil was varied 
throughout the tests in order to study the moisture-density 
relationship, it was carefully controlled to allow comparisons 
at equal water contents. Samples were thoroughly mixed and 
stored an ample length of time to permit complete distribution 
of the moisture within the sample. 
Of primary importance in this investigation is the com-
pactive effort applied to the soil, including both the amount 
of effort and the manner in which it is applied. In order to 
study the effect of different size compaction feet, the amount 
of energy expended was kept constant; in the majority of the 
investigation 12,420 foot-pounds per cubic foot was applied, 
thus permitting comparison with the standard Proctor laboratory 
test. Total quantity of work was not a factor in this study. 
British laboratory tests indicated that a constant 
amount of energy applied to a given soil produced identical 
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moisture-density relationships.(27) Kennedy, on the other 
hand, found that the amount of work per application was an 
important factor affecting the degree of densification attained. 
(28) This variable was eliminated by using the same hammer 
and applying the total work with the same number of blows 
per layer throughout the tests. The weight of the compo­
nent parts of the compacting device was not varied nor was 
the distance of free-fall of the hammer changed. Momentum 
and velocity of impact were therefore kept constant. 
The only remaining factor about the compacting device 
which might influence the results attained was the size of 
the bearing plate through which the dynamic load applica­
tion was transmitted. With the feet used in this investiga­
tion, a range of contact area from 3.14 to 19.63 square 
inches (2 inches to 5 inches diameter) was achieved. Dry 
density-moisture content curves obtained with a compactive 
effort of 12,420 foot-pounds per cubic foot are contained in 
Figure 7. It is obvious that the densities produced at like 
water contents are not identical. There are several rather 
striking observations that can be made from these curves. 
While the maximum dry density obtained varied depend­
ing upon the diameter of the tamping foot, the optimum moisture 
content remained the same. This is considered an important 
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discovery and indicates that should it become advantageous 
during field rolling operations to change the diameter of the 
tamping foot, the moisture content of the soil would not have 
to be adjusted accordingly. 
Of equal importance is the fact that the greatest ef­
fect, or variation in dry density, of foot diameter occurred 
at a water content equal to the optimum moisture. Since this 
is the moisture content almost invariably striven for in field 
compaction operations, it is of extreme interest to know that 
this is the very condition at which the dry density is most 
susceptible to variations in the diameter of the tamping foot. 
The two inch foot, which transmitted the maximum pres­
sure to the soil, produced the smallest densities, particular­
ly when compaction was performed at moisture contents less 
than the optimum moisture. Peak densities were obtained with 
the three inch foot; density values diminished when the foot 
size was increased. This behavior seems to substantiate 
previously described theories regarding the effect of bearing 
capacity with relation to stress intensity on the face of the 
tamping foot. During the tests the small foot completely 
disturbed the soil by punching deep and fast and displacing 
a large volume of soil in an outward direction. This 
displacement gradually decreased as the density increased 
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until finally excellent compaction appeared to be achieved 
with the small foot. Since with a cohesionless material 
bearing capacity varies with the size of the loaded area, 
the fact that the two inch diameter foot sheared the soil 
excessively when at moisture contents less than optimum is 
a logical phenomenon as in the drier ranges this soil ap­
proached the cohesionless condition. Sowers and Gulliver, in 
a paper published by the Highway Research Board, indicated that 
the probable cause of the decrease in density with continued 
increase in foot size is the rigidity of the tamping foot.(29) 
They explain that the wider the foot, the greater are the 
irregularities in the density and thickness of the layer 
being compacted; therefore the foot tends to ride on the 
high hard spots and leave the remainder uncompacted. 
Another interesting observation from Figure 7 is the 
similarity of the laboratory curve produced by the three inch 
diameter foot and the Marshall hammer to that produced by the 
standard Proctor test with separate soil portions. The only 
explanation plausible seems to be in the effect of the size of 
the compaction mold with respect to the size of the compaction 
foot. No attempt was made to further investigate this effect 
during this study. Compacted samples are shown along with their 
respective molds and hammers on the following page. 
F i g . 1 1 
ONE-SIXTH CUBIC FOOT AND ONE-THIRTIETH CUBIC FOOT COMPACTED 
SAMPLES WITH THEIR RESPECTIVE COMPACTION MOLDS AND HAMMERS 
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From the data contained in the moisture-density curves, 
plots of dry density versus foot diameter were made for condi­
tions of equal moisture content. (See Figure 8 ) . The results 
show that the effect of foot size is much more pronounced at 
lower values of moisture content than at the higher values; 
when the moisture content approached saturation conditions, 
as represented by a water content of twenty-seven per cent, 
foot size had no effect whatever on the density obtained. A 
test series was conducted at approximately twenty per cent 
moisture content using a compactive effort fifty per cent 
greater than that used previously. The water content was se­
lected to approximate the optimum moisture content at this 
particular compactive effort. With a noticeable exception, the 
curve obtained exhibits an almost identical shape to and pro­
nounced peak like the low effort curve at optimum moisture. 
The foot size which produces the maximum compaction appears 
to decrease as the compactive effort increases. The two inch 
diameter foot, as previously suspected, performed much better 
with the larger compactive effort, i.e. with increased blows 
per layer. 
In field rolling, the spacing of the feet has a bearing 
on contact pressures and per cent coverage. Per cent coverage 
is expressed as the actual area of tamping feet in contact 
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with the ground in one pass divided by the area passed. The 
Highway Research Board contends that, other things being equal, 
the greater the tamping foot area, the fewer passes are re­
quired to compact the soil.(30) They also found that the 
relationship between density and number of passes is approx­
imately a straight line when plotted on semilogarithmic paper, 
as is the relationship found in the laboratory between number 
of blows and density obtained in the laboratory compaction 
test. 
In order to investigate these theories in the light of 
the data found in this investigation, a dry density versus per 
cent coverage relationship was plotted. (See Figure 9 ) . For 
laboratory dynamic compaction tests, per cent coverage was ex­
pressed as the product of the area of the compaction foot and 
the number of blows per layer divided by the area of the com­
paction mold. Dry density was plotted as a linear ordinate 
while per cent coverage was plotted as the abscissa on a log­
arithmic scale. Straight line curves exhibited, as would be 
expected, shapes similar to those shown on Figure 8 ; however, 
the degree to which points calculated from the standard Proc­
tor curve approached these curves is worthy of note and fur­
ther investigation. A curve was also plotted for the 18,630 
foot-pounds per cubic foot tests at its optimum moisture 
3 8 
content; the curve closely resembles that of the 12,420 foot­
pounds per cubic foot test. The peak for both curves was ob­
tained at four hundred per cent coverage; this coverage rep­
resents a foot size of three inch diameter with the smaller 
effort and approximately a two and one-half inch foot size 
for the larger effort. These results indicate that the foot 
size best suited for compacting a particular soil is a function 
of the compactive effort and decreases as the effort increases. 
On Figure 10 is a plot of dry density versus blows per 
layer at a water content of twenty per cent. On this same 
figure data obtained from the previously mentioned Highway 
Research Board publication is presented for comparison.(31) 
The similarity of the slope of the lines is striking as is 
the marked improvement of the two inch diameter foot with 
increased blows. For field operations requiring high degrees 
of density, it would appear that the most efficient method 
of achieving these density requirements would be to decrease 
the size of the tamping foot at various stages of the rolling 
operations. Thus as the density increased, along with the 
soil's bearing capacity, smaller tamping feet transmitting 
higher pressure intensities could be substituted for the 
initially larger feet. Even if the degree of rolling nec­
essary to obtain the required compaction is insufficient to 
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economically permit changing feet during the rolling, con­
siderable efficiency could result from proper selection of 
the foot size to use throughout the operation. In view of 
the previously mentioned similarities between field and 
laboratory tests, it is believed that correlation between 
field equipment and laboratory tests can be achieved to 




The following conclusions have been derived from this 
research: 
1. The density obtained from dynamic compaction is dependent 
upon the area, or diameter, of the compacting foot. 
2. For a given soil, moisture content, and method of dynamic 
compaction, there is a particular foot diameter which will 
produce the most efficient compaction, i.e. achieve the 
greatest value of dry density with the same expenditure 
of compactive effort. 
3. The effect on dry density of the size of the compacting 
foot is largest when the moisture content is near the op­
timum. At high values of moisture content which approach 
a saturated condition, the size of the compacting foot has 
little or no effect on density. 
4. The optimum moisture content produced by dynamic compaction 
at like amounts of work is not related to the area of the 
compacting foot. 
5. The optimum foot diameter appears to decrease as the com­
pactive effort increases. The most efficient compaction 
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operation would be one in which the foot diameter was 




Though this investigation was admittedly limited, 
nevertheless the results definitely suggest that the effi­
ciency of the compaction process can be improved upon. 
Several suggestions for further investigation concerning 
the efficiency of laboratory and field compaction are warranted 
from the results. 
The laboratory test equipment used during this study, 
i.e. the one-sixth cubic foot mold and the Marshall type ham­
mer, are well suited for compaction research and study of 
variables affecting dynamic compaction. Extensive investiga­
tion with this equipment aimed at establishing a definite 
relationship between optimum foot diameter and compactive 
effort is a primary recommendation. In conjunction with such 
tests, it is highly recommended that the laboratory relation­
ship between dry density and per cent coverage be carefully 
considered as an aid in the investigation. 
Before research of this nature can be practically ap­
plied, the effect on various soils must be determined. Inves­
tigations such as the one presented in this report must be 
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performed on all types of soils before a complete compaction 
efficiency study can be achieved. 
The shape of the compaction foot is a factor influenc­
ing soil density.(32) In this study only circular plates 
were investigated. This variable presents a challenging 
research project of unusual scope. 
For experimental research purposes the laboratory 
equipment used proved satisfactory; however, for practical 
laboratory soil testing, a much smaller compaction device 
requiring considerably smaller samples would be helpful. 
Indications from the comparisons made with the standard 
Proctor mold and hammer are that correlation of results 
between different laboratory equipment is possible. The 
key to this correlation appears to be in the confining 
effects of the mold; a relationship between mold diameter 
and optimum foot diameter may well exist. 
Once a thorough understanding of the effect of the 
compacting foot on the efficiency of laboratory compaction 
has been attained, study should then be turned toward the 
development of practical correlation between field and 
laboratory compaction equipment. It is recognized that 
such a correlation study would be tremendous in scope, but 
from the similarity of trends established in this investigation 
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to predictions based on observations of field rolling behavior 
and soil bearing capacity theories, there appears to be every 
indication that such a correlation could be successfully 
achieved. With competition keen and equipment prices spiraling, 
a contractor with versatile equipment that can be modified 
readily to operate at maximum efficiency with varying soil 
and density requirements would be in an enviable position 
indeed. 
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COMPACTION TEST DATA SHEET; S a m p l e No. 5/2*1-1 
f o o t B i z e j V S w a t e r c o n t e n t 2 ^ % 
W a t e r R e q u i r e m e n t s ; 
c a n 1 
c a n 2 
c a n 3 
t o t a l 
b a t c h 
w e i # i t 
W 




w e i g h t 
c o l l 
( w / i / ^ 
w e i g h t 
w a t e r 
a v a i l . 
(W-Ws ) 




t o t a l 
W* 
( wW* ) 
a d d i . 
W*U 
(W.-WAV) 
7 7 7 




2. 2S 2* .̂50 (1009) 2.22 21 1S.72 
W a t e r C o n t e n t s : a f t e r 
p r e p . 
a f t e r 
s t a b * 
a f t e r c o m p a c t i o n 
d a t e 
t i m e 
c o n t a i n e r n o . 
w t . wet s o i l / c a n 
w t . d r y s o i l / c a n 
wt . w a t e r 
w t . c o n t a i n e r 
w t . d r y s o i l 




S S . 1 6 9 
75.522 
1 2 . 6 6 7 
a . 2 9 7 5̂ .225 
23.*+ 
7 / 2 S 
1 5 2 5 16 
S 5 . 0 0 0 
7 3 . 0 2 2 
1 1 . 9 7 S 
2 1 . 2 9 7 
51.725 
2 3 . 2 
7/2S 
1 6 2 5 
9 6 ^ 7 7 
8 2 . 3 4 0 
1 - + . 1 3 7 
2 0 . S S 1 
61.-+59 
2 3 . 0 
7 / 2 S 
1 6 3 0 
1 5 
93.^51 
7 9 - « 5 7 
1 3 . 5 9 ^ 
2 0 . s a 
5 9 . 0 3 6 
2 3 . 0 
a v e r a g e : 2 3 . 0 % 
D e n s i t y : 
w t . s o i l / m o l d 
wt• m o l d 
w t . s o i l i n m o l d 
wt . p e r c u . f t . 
50-5 30-7 20-1 
d r y d e n s i t y : 97.9 
R e m a r k s : Sample a p p e a r s u n ­
d a m a g e d , l e t . l a y e r t o 2 " 
m a r k , down 3 A H . 2 n d . l a y e r 
1 2 0 . 3 7 5 1 t o 3 M m a r k , down 3 A " . 3 r d . 
l a y e r o v e r 1 " , f i n a l h e i g h t 
g o o d . C o m p a c t i o n g o o d on a l l 
o f t h e t h r e e l a y e r s . No l o o s e 
m a t e r i a l l e f t on l a y e r s . No s t i c k i n g t o f o o t . W e l l 
l a y e r e d . 
F i g . 1 3 
SAMPLE DATA SHEET 
T a b l e 1 
D a t a from C o m p a c t i o n T e s t s w i t h Two I n c h D i a m e t e r 
F o o t , M a r s h a l l Hammer and O n e - S i x t h C u b i c F o o t Mold 
s a m p l e 
de s i g-
n a t l o n 
c o m p a c ­
t i v e 
e f f o r t 
w a t e r 
c o n t e n t 
wei $ i t 
o f 




d e n ­
s i t y 
d r y 
d e n -
e i t y 
f - p / c . f . % I b a . & o z . p . 0.f. p . c . f . 
1 2 , 4 2 0 15.1 17-11 106.3 92.3 
2/1*5-2 1 2 , 4 2 0 17.5 lg-11 112.3 95.5 
2/21-3 12,420 19.9 1 9 - 4 115.5 96.4 
2/21-2 1 2 , 4 2 0 20.̂  1 9 - 1 1 11s. 3 9«.l 
2/24-2 12,420 23.0 20-0 120.0 97.5 
2/27-1 1 2 , 4 2 0 25.7 20-3 121.1 96.5 
2/27-2 1 2 , 4 2 0 25.S 20-2 1 2 0 . & 96.0 
SP/21-1 15,630 19.7 20-4 121.5 101.5 
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T a b l e 2 
D a t a from C o m p a c t i o n T e s t a w i t h T h r e e I n c h D i a m e t e r 
F o o t , M a r s h a l l Hammer a n d O n e - S i x t h C u b i c F o o t Mold 
s a m p l e 
de s i g-
n a t l o n 
c o m p a c ­
t i v e 
e f f o r t 
w a t e r 
c o n t e n t 
w e i g h t 
o f 
s o i l 
I n 
m o l d 
wet 
d e n ­
s i t y 
d r y 
d e n ­
s i t y 
f - p / c . f . % l b e . & o z . p . c . f . p . c . f . 
3/15-1 12,420 14.7 1 6 - 7 110.6 96.5 
5/15-2 1 2 , 4 2 0 15.4 15-6 i l o #3 95-5 
3/l«-3 1 2 , 4 2 0 16.4 1 6 - 1 2 112.5 96.6 
3 / l * - 2 1 2 , 4 2 0 17-3 16-15 113.6 9 7 . 0 
3/21-3 1 2 , 4 2 0 19-4 19-9 117.6 96.5 
3/21-2 1 2 , 4 2 0 20.7 2 0 - 0 120.0 99.5 
3/2̂-2 1 2 , 4 2 0 22.4 20-5 121.9 99.5 
3/24-1 1 2 , 4 2 0 23.1 20-5 121.9 9 6 . 6 
3/27-1 1 2 , 4 2 0 25.6 20-3 121,1 96.4 
S P / a-2 16,630 19.6 2 0 - 7 122.4 102.1 
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T a b l e 3 
D a t a f r o m C o m p a c t i o n T e s t s w i t h F o u r I n c h D i a m e t e r 
F o o t , M a r s h a l l Hammer a n d O n e - S i x t h C u b i c F o o t Mold 
s a m p l e 
de s i g-
n a t i o n 
c o m p a c -
t l v e 
e f f o r t 
w a t e r 
c o n t e n t 
w e i g h t 
o f 
s o i l 
I n 
m o l d 
wet 
d e n ­
s i t y 
d r y 
d e n ­
s i t y 
f - p / c . f . % l b s . & o z . . p . c . f • p . c . f . 
4/15-1 12,420 14.9 15-5 109.9 95-6 
4/15-1 12,420 17-9 19-2 114.5 97.4 
4/15-2 12,420 17.9 19-1 114.4 97-0 
4/21-3 12,420 21.1 19-13 116.9 96.0 
4/21-1 12,420 21.4 19-13 116.9 97.6 
4/24-1 12,420 23.1 20-6 122.3 99.3 
4/24-2 12,420 23.3 20-3 121.1 96.2 
4/24-3 12,420 23.9 20-4 121.5 96.1 
4/27-1 12,420 25.9 20-3 121.1 96.4 
4/27-2 12,420 25.9 20-4 121.5 96.5 
SP/21-3 15,630 19.9 20-4 121-5 101.3 
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T a b l e 4 
D a t a f rom C o m p a c t i o n T e s t s w i t h F i v e I n c h D i a m e t e r 
F o o t , M a r s h a l l Hammer a n d O n e - S i x t h C u b i c F o o t Mold 
s a m p l e 
de s i g-
n a t l o n 
c o m p a c -
t l ve 
e f f o r t 
w a t e r 
c o n t e n t 
wel g h t 
o f 
s o i l 
I n 
m o l d 
wet 
d e n ­
s i t y 
d r y 
d e n ­
s i t y 
f - p / o . f . % l b s . & o z . p . c . f . p. o . f • 
5A3-1 12,420 15.0 15-3 109.1 94.9 
5 /15-1 12,420 17.6 19-0 114.0 97-0 
5/21-2 12,420 20.6 19-10 117.5 97.5 
5/21-1 12,420 21.4 19-14 119.3 95.1 
5/24-1 12,420 23.0 20-1 120.4 97-9 
5/27-1 12,420 26.2 20-3 121.1 96.0 
SP/21-4 15,630 20.1 20-3 120.9 100.7 
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T a b l e 5 
D a t a from S t a n d a r d P r o c t o r C o m p a c t i o n 
T e s t s w i t h S e p a r a t e S a m p l e s f o r E a c h P o i n t 
s a m p l e 
de s i g-
n a t l o n 
c o m p a c -
t l v e 
e f f o r t 
w a t e r 
c o n t e n t 
w e i g h t 
o f 
s o i l 
I n 
m o l d 
wet 
d e n ­
s i t y 
d r y 
d e n ­
s i t y 
f - p / c . f . % I b s . & o z . p . 0.f. p . c . f . 
PR/15-1 12,375 i4a 3-11 107.« 94.1 
PR/15-2 12,375 l4.2 3-9 107.2 93.6 
PR/lS-2 12,375 16.9 3-14 113.1 96.6 
PR/1S-1 12,375 17.1 3-12 113.1 96.5 
P R / 21-1 12,375 19.9 3-15 1 1 6 . 6 99.0 
PR/21-2 12,375 19.9 4-i 1 1 5 . 6 99.0 
PR/24-1 12,375 22.5 4-1 121.5 99.0 
P R / 2 4 -2 12,375 23.0 4-3 122.4 99.5 
P R / 27-2 12,375 25.6 4-2 120.5 96.0 
PR/27-1 12,375 25.9 4-1 121.5 96.5 
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T a b l e 6 
D a t a f rom S t a n d a r d P r o c t o r 
C o m p a c t i o n T e s t s w i t h R e u s e d S a m p l e s 
s a m p l e 
de s i g-
n a t l o n 
compac— 
t l v e 
e f f o r t 
w a t e r 
c o n t e n t 
w e i g h t 
o f 
s o i l 
i n 
m o l d 
wet 
d e n ­
s i t y 
d r y 
d e n ­
s i t y 
f - p / c . f . % l b s . & o z . p . c . f • p . c , f . 
1 12,375 11.3 3-4 9 7 - 5 57.9 
2 12,375 14.4 3-5 105.6 92.1 
3 12,375 16. 6 3-12 113.0 97-0 
4 12,375 19-7 3-15 115.9 99.1 
T - l 12,375 20.5 4-0 120.6 100.0 
5 12,375 23.4 4-1 l?3-3 100.0 
6 12,375 25.9 4-0 121.3 94.2 
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1 0 0 
l g 2 0 2 2 2 4 
WATER CONTENT IN PER CENT 
F i g . Ik 
MOISTURE-DENSITY CURVE FOR TWO INCH DIAMETER COMPAC­
TION FOOT AT 1 2 , ^ 2 0 FOOT-POUNDS P E R CUBIC FOOT EFFORT 
IN ONE-SIXTH CUBIC FOOT MOLD WITH MARSHALL HAMMER 
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F i g . 15 
MOISTURE-DENSITY CURVE FOR THREE INCH DIAMETER COMPAC­
TION FOOT AT 1 2 , ^ 2 0 FOOT-POUNDS PER CUBIC FOOT EFFORT 
IN ONE-SIXTH CUBIC FOOT MOLD WITH MARSHALL HAMMER 
5 6 
F i g . 16 
MOISTURE-DENSITY CURVE FOR FOUR INCH DIAMETER COMPAC­
TION FOOT AT 12,420 FOOT-POUNDS PER CUBIC FOOT EFFORT 
IN ONE-SIXTH CUBIC FOOT MOLD WITH MARSHALL HAMMER 
1 0 0 
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WATER CONTENT IN P E R CENT 
F i g . 17 
MOISTURE-DENSITY CURVE FOR F I V E INCH DIAMETER COMPAC­
TION FOOT AT 1 2 , 4 2 0 FOOT-POUNDS PER CUBIC FOOT EFFORT 
IN ONE-SIXTH CUBIC FOOT MOLD WITH MARSHALL HAMMER 
1 0 1 
I S 2 0 2 2 2 4 
WATER CONTENT IN PER CENT 
F i g . I S 
MOISTURE-DENSITY CURVES FOR 
STANDARD PROCTOR COMPACTION 
59 
BIBLIOGRAPHY 
1. "Federal-Aid Highway Revenue Acts of 1956," 84th. 
Congress, 2nd. Session, House of Representatives 
Report No. 2436, 
2. Road Research Laboratory, Department of Scientific 
and Industrial Research, Great Britain. "The Effect 
of the Soil Foundation on the Road Surface, an Out­
line of Existing Knowledge," Road Research Techni­
cal Paper No. 11. London: Her Majesty's Stationery 
Office, 1948. 
3. "Compaction of Embankments, Subgrades, and Bases, ,! 
Bulletin No. 58, Highway Research Board, Washing­
ton, 1952, p . 2 . 
4. Road Research Laboratory, Department of Scientific 
and Industrial Research, Great Britain. "Further 
Studies in the Compaction of Soil and the Perform­
ance of Compaction Plant," Road Research Technical 
Paper No. 33. London: Her Majesty's Stationery Of­
fice, 1954. 
5. "Bargain Year for Highway Construction," Engineer­
ing News-Record, 162, (June 18, 1959), 77. 
6. Nikirk, F., "Compaction of Embankment and Founda­
tion Materials," Roads and Streets, 84, (May, 1941), 
76-86, 
7. American Society of Civil Engineers Soil Mechanics 
and Foundations Division, "Progress Report of Com­
mittee on Earth Dams and Embankments," Proceedings 
of the American Society of Civil Engineers, (Octo­
ber, 1940). 
8. Nikirk, op_. cit. 
9. "Compaction of Embankments, Subgrades, and Bases," 
op. cit., p. 25. 
60 
10. Proctor, R. R., "Design and Construction of Rolled 
Earth Dams; New Principles Applied to Actual Dam-
Building, " Engineering News-Record, 111/ (1933), 
372. 
11. Hamilton, L. W., et al, "Compaction of Earth Embank­
ments, " Proceedings of the Highway Research Board, 
II, (1938), 142. 
12. Maclean, D. J. and Bailey, "Compaction of S o i l — F u l l 
Scale Investigation With Various Types of Roller," 
Roads and Road Construction, 25, (1947), nos. 289-
291. 
13. Turhbull, W. J., S. J. Johnson and A. A. Maxwell, 
"Factors Influencing Compaction of Soils," Bulletin 
No. 23, Highway Research Board, Washington, 1949, 
pp. 1-11. 
14. Waterways Experiment Station, Corps of Engineers, 
United States Army. "Field Penetration Tests for 
Selection of Sheepsfoot Rollers," Technical Memo­
randum No. 3-333, October, 1951. 
15. Waterways Experiment Station, Corps of Engineers, 
United States Army. "Effect of Size of Feet on 
Sheepsfoot Roller, Soil Compaction Investigation 
Report No. 6," Technical Memorandum No. 3-271, June, 
1954. 
16. "Compaction of Embankments, Subgrades, and Bases," 
op_. cit., p. 2. 
17. Kennedy, C. M., A Laboratory Investigation of the 
Efficiency of Different Methods of Soil Compaction 
Unpublished M. S. Thesis in Civil Engineering, 
Georgia Institute of Technology, 1953. 
18. Li, C.Y., "Basic Concepts on the Compaction of Soil," 
Proceedings of the American Society of Civil Engi­
neers, 82, (1956). 
19. Kennedy, ojo. cit. p. 29. 
61 
20. Gulliver, J. G., An Investigation of the Relation­
ship Between Compacted Density of a Cohesive Soil, 
Layer Thickness, and Foot Width Unpublished M. S. 
Thesis in Civil Engineering, Georgia Institute of 
Technology, 1954. 
21. The Asphalt Institute, Mix Design Methods for Hot-
Mix Asphalt Paving, 1st ed., April, 1956, p. 22. 
22. Lambe, T. W., Soil Testing for Engineers, New York: 
John Wiley and Sons, Inc., 1951, p. 15. 
23. Ibid., p. 29 
24. Ibid., p. 22 
25. Ibid., p. 43 
26. Sowers, G. F. and G. H. Nelson, "Effect of Re-using 
Soil on Moisture-Density Curves, " Proceedings of 
the Highway Research Board, (December, 1949), p.482. 
27. Road Research Laboratory, Department of Scientific 
and*Industrial Research, Great Britain. Soil Mechan­
ics for Road Engineers. London: Her Majesty's 
Stationery Office, 1952, p. 168. 
28. Kennedy, o£. cit., p. 28. 
29. Sowers, G. F. and J. G. Gulliver, "Effect of Vary­
ing Tamping-Foot Width on Compaction of Cohesive 
Soil," Proceedings of the Highway Research Board, 
(1955), p. 598. 
30. "Compaction of Embankments, Subgrades, and Bases," 
op. cit., p. 27. 
31. Ibid., p. 26. 
32. Ibid., p. 25. 
